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(Received 1 February 2005; published 29 November 2005)0031-9007=Magnetic pinning in thin films seems to be a major research subject in the near future, as it is involved
in all switching processes which include a movement of a domain wall or a magnetic vortex. We used
Lorentz transmission electron microscopy and vortex pinning at artificial pinning sites to investigate the
pinning behavior of magnetic vortices for the first time with high spatial resolution.
DOI: 10.1103/PhysRevLett.95.237205 PACS numbers: 75.60.Jk, 68.37.LpBecause of Brown’s paradoxon [1] low switching fields
in magnetic storage devices [2] can be achieved, if the
process of changing the stored information does not in-
volve domain wall nucleation or annihilation.
For magnetic storage, circular ring structures have been
proposed [3] and investigated extensively. An overview of
the related works can be found in [4]. In the following we
will use the term ‘‘n-stage switching process’’ for the
results of the here described experiment: An in-plane
external magnetic field, which saturates the particle is
applied. Then the field is lowered to zero and increased
in the opposite direction until saturation is reached. If
during this process a fundamental change of the basic
micromagnetic configuration is observed, this is seen as
an additional stage of the process.
While for ring structures with a large inner to outer
diameter relation a two-stage switching process was found
[5], for a small ratio a process involving three stages has
been reported [6]. Here, coming from a saturated state, a
flux closure state is generated when lowering the external
field, which can be seen as a vortex state [7] with the vortex
core located in the central hole. At a certain opposite field
value the vortex core jumps out of the central hole and is
visible in the ring. A third switching process then leads to
the final saturated state.
Related behavior is found for dots containing a tiny hole
as a pinning site [8]. There the corresponding switching
process involves four stages. After the vortex nucleation
(1) the vortex is only shifted (no change in the basic
configuration), then it disappears in the hole. (2) In the
opposite field the vortex renucleates (3), is shifted, and
finally converts into a single domain state (4). Including
two or more pinning sites in the disk allows bistable or
multistable switching [9].
For such devices a detailed knowledge of the vortex core
movement in circular magnetic disks is of great impor-
tance. One frequently used approach to a theoretical de-
scription is the application of the so-called rigid vortex
model [10] which describes the movement of a magnetic
vortex under an external magnetic field, based on assump-
tions given in [10]. We emphasize that the model does not
explain the nucleation of a vortex. Thus, in our investiga-05=95(23)=237205(4)$23.00 23720tions we always use magnetic configurations with a vortex
already present.
Although frequently used, an experimental investigation
of the range of validity of this model has not been done so
far, mostly due to imaging techniques that are too insensi-
tive. In this work we investigated this movement caused by
external magnetic fields using differential phase contrast
microscopy (DPC) [11], a high-resolution imaging tech-
nique for micromagnetic structures, which is a Lorentz
transmission electron microscopy method. For the first
time, vortex movements and pinning behavior has been
observed with high spatial resolution (5 nm) as defined
by the electron probe diameter of our microscope, a FEI
Tecnai F30 (Regensburg special). Our measurements are
compared with calculations based on the rigid vortex
model [10].
The samples are prepared on a 30-nm-thick electron
transparent Si3N4 membrane. A 20-nm-thick Permalloy
layer is deposited by thermal evaporation, capped by
5 nm aluminum to prevent oxidation. The Permalloy has
been found to be polycrystalline with an average crystallite
size of 5–10 nm. Polymethylmethacrylat (PMMA) is used
as resist, which is exposed via electron beam lithography
employing the nanonic eLitho EBL system. After develop-
ment, titanium is deposited. The thickness depends on the
relative argon ions etching rate of Permalloy and Ti.
During the etching the Permalloy must be removed com-
pletely in non-Ti covered areas, while the Ti mask must
remain. This led, in our case, to a Ti thickness of 11 nm.
After a subsequent lift-off procedure the desired pattern
remains as Ti structures on the Permalloy layer. This
defines an etching mask for the argon ion etch process,
which transfers the pattern to the Permalloy.
For the pinning investigations with artificially intro-
duced holes, an additional patterning process is necessary,
because with the conventional preparation method de-
scribed above it is very difficult to unhinge inner parts of
a structure on a membrane in the lift-off process. The
second patterning avoids the critical lift-off step.
Here, in completed Permalloy, disks holes were intro-
duced by a second patterning process (Fig. 1). The speci-
men is once again covered with PMMA, the positions of5-1 © 2005 The American Physical Society
FIG. 2. The line scan method is shown, which allows the
determination of the vortex core position. The outer (a) and
inner (b) edges of the particle can be seen as sharp peaks in the
signal, while the vortex appears as a change of the signal’s sign.
FIG. 1. In a second preparation step a hole array was intro-
duced in the already patterned Permalloy disks. First, the sample
was coated with PMMA, the hole pattern was transferred via
e-beam lithography and the resist developed (a). Then Titanium
was deposited onto the specimen, tilted by 45 (b). This results
in an incomplete coating, which leads to a selective etching of
the holes during the ion etching process (c). After removal of the
residual PMMA and Ti, the hole pattern was transferred to the
disks as well as to the electron transparent substrate (d). A
suitable alignment of the two preparation steps leads to central
holes in the disks.
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phy, followed by development [Fig. 1(a)]. Now titanium is
evaporated as an etch mask, while the specimen is oriented
in a 45 angle with respect to the Ti-beam direction. This
prevents the titanium from covering the base of the holes
and allows the definition of the etch mask without the
critical lift-off process [Fig. 1(b)]. After a subsequent
argon ion etch process [Fig. 1(c)] the hole pattern is trans-
ferred to the circular dots [Fig. 1(d)], the residual Ti and
PMMA is removed in acetone.
First, a circular magnetic disk with a radius r  1:5 m
with vortex configuration was investigated under the influ-
ence of an external magnetic field Hext. The rigid vortex
model [10] allows for small deviations d r from the
center of the disk the calculation of the vortex position
[12],
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where Ms is the saturation magnetization, h the particle23720height, and lex the exchange length, which is  5:7 nm for
Permalloy. Equation (1) was derived comparing the in-
volved energy densities. This gives a direct proportionality
of the vortex d shift and the applied external field Hext,
which can also be observed in the experiment. As will
become obvious below, Eq. (1) is also an excellent ap-
proximation for even larger values for d.
In Fig. 2 the vortex position determination by a DPC line
scan is visualized exemplarily by a scan over a dot with a
central hole. The scan signal contains both the structural
(letters a, b in Fig. 2) and the magnetic signal. The change
in the magnetic signal allows a very precise localization of
the vortex position (letter c in Fig. 2) with an accuracy of
about 50 nm. This accuracy of only 50 nm compared to the
resolution of the imaging technique used (5 nm) is due to
the fact that a simple line scan cannot ensure unambigu-
ously that the vortex core has been probed exactly. From
[13] it is known, however, that for this type of material
typical vortex diameters lie in the range of 15–20 nm
(FWHM), the value given above corresponds to a rather
pessimistic estimation of the actual position.
In Fig. 3 the vortex position is plotted versus the applied
field. The graph shows approximately a linear behavior in
the central region around zero field, as expected from
Eq. (1). Approaching the particle’s edges the slope in
Fig. 3 decreases, which reveals that the vortex movement
is hampered near the boundary. This confirms that the
validity of the rigid vortex model is restricted to a certain
range of deviations d or low external fields, respectively. If
a deviation of 5% from the linear slope is acceptable, the
rigid vortex model remains valid in the example of Fig. 3
up to a vortex excursion of 0:7r, as can be seen from the
graph.
Pinning effects can be studied by introducing a central
hole into the circular disks, which acts as an artificial5-2
FIG. 3. The position of the vortex in a circular dot with 3 m
diameter in an applied external field is depicted, the dashed line
shows a linear fit in the zero field region, the gray area is the
associated 5% confidence interval.
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duced as described above [8].
In Fig. 4 the vortex state was prepared in a ring structure
with 3 m outer and 300 nm inner diameter by saturating
the particle and subsequently decreasing the external field,FIG. 4. A vortex configuration was prepared in a circular dot
with 3 m diameter and a 300 nm central hole. The vortex was
shifted by an external field towards the center from the right (a)
or the left (b) side, respectively. In the central hole the vortex
became pinned, before the hole boundary was actually reached,
the vortex persisted pinned over a certain field range, until in the
opposite field the vortex was released.
23720until the vortex nucleates. Comparable to Fig. 3, the vortex
was shifted by an external field from the outer region of the
dot inwardly; the position is given as a relative position
with respect to the diameter. Once the vortex comes closer
to the hole edge than a certain distance, it jumps com-
pletely into the hole. This is energetically favored, because
the center part of any vortex is an area of high exchange
energy density. If the vortex core moves into the hole, this
energy is not required any longer to build the vortex (out-
of-plane) core. That means, that an annihilation of the
vortex core in the central hole can lead to a lower total
energy of the particle. The vortex is stable over a certain
field range, until it is depinned in a reversed external field.
Using our experimental setup it is possible to directly
measure the depinning field strengths for various geome-
tries. In the case presented here it turned out to be3:6
0:2 kA=m and 3:3 0:2 kA=m for opposite directions
of the applied field.
In Fig. 5 intrinsic pinning in a circular dot of 1 m
without artificial pinning sites has been observed. The
vortex was shifted through the particle using an external
field. The field-position plot shows several jumps, which
can be attributed to the random pinning of the vortex on
structural inhomogeneities in the structure. The enlarge-
ment shows clearly that the vortex position does not change
over a certain magnetic field interval. Up to now it was not
possible to assign the locations of pinning to certain dis-
tinctive structural features. This has to be the subject of
future investigations.
It is, however, possible to give a qualitative explanation
of this behavior. As the material investigated is polycrys-
talline, it consists of randomly assembled microcrystal-
lites, each with a different easy magnetic axis due to its
orientation. This causes the vortex to assume a position,FIG. 5. The vortex is moved through a circular dot with a
diameter of 1 m. In this high-resolution measurement jumps
in the vortex position are visible which can be attributed to
microscopic pinning sites. The enlargement of the gray area
shows this very clearly.
5-3
FIG. 6. Schematic representation of possible stable pinning
sites for a vortex within a fictive crystallite arrangement. The
double arrows give the local anisotropies within the crystallites,
which are sought to be met as closely as possible by the internal
structure of the vortex (black arrows indicate the local magne-
tization direction within the vortex, the gray scaled areas in the
background represent predominantly down or up oriented re-
gions). The vortex position is optimized to match the given local
anisotropies with the least distortion and increase in the energies
involved. The vortex position in (a) is energetically more favor-
able compared to that in (b), as the magnetization in one
crystallite (second from left) corresponds to the respective
anisotropy. Thus, pinning at the configuration (a) is expected.
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anisotropies in order to minimize the total energy. This is
achieved if a maximum volume fraction of the vortex is
aligned with local easy axes of the surrounding crystallites.
This is shown schematically in Fig. 6. Compared to
Fig. 6(b), in Fig. 6(a) the magnetization pattern of the
vortex fits well to the easy axis within one crystallite
(second from left). If the vortex core is shifted to the left
side [Fig. 6(b)], the magnetic anisotropy energy would rise,
as the fraction of spins pointing in the easy axis direction
decreases. Therefore, it is advantageous to maintain the
configuration in Fig. 6(a) over a certain range of the
external field and thus pinning occurs.
The mechanism described above will act as a pinning
force, which has to be overcome before the vortex is freed
to jump into the next local energy minimum position. From
the shape of the curve in Fig. 5 (inset) it can then be
concluded that many of the pinning sites are rather strong
(deep local potential minima), because the vortex move-
ment occurs mostly in jumps. Only after an increased
magnetic field is able to move the vortex over the potential
barrier separating two pinning sites, the vortex will move
there and appear pinned again. When the pinning energy is
lower, the increasing magnetic field causes a linear dis-23720placement of the vortex. In fact, this can also be observed
in several areas.
In conclusion, it was shown for the first time that DPC
allows the analysis of magnetic pinning behavior on a
lateral length scale of at least 50 nm. Direct experimental
proof of the validity of the rigid vortex model has been
given, together with an indication of its limits, giving
experimental justification for the use of the rigid vortex
model. For the first time, the vortex movement perturbed
by artificial and intrinsic pinning in a circular dot was
investigated with very high spatial resolution, which can
be used to achieve detailed insight into pinning phe-
nomena. Finally, a model for the local pinning and depin-
ning behavior of vortices has been presented and discussed.
The model is based on energy minimization in a locally
varying environment of various crystalline anisotropies as
found in polycrystalline specimens.
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